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Haemophilus influenzae type b is a common cause of systemic bacterial disease in children, and the serotype
b capsule is a major determinant of virulence. Nevertheless, as a consequence of the genetic configuration of
the capb locus, type b strains become capsule deficient at a high frequency. To investigate the potential
biological relevance of the predisposition to capsule loss, we compared the adherent and invasive abilities of
several strains of H. influenzae type b and their isogenic capsule-deficient mutants by using cultured human
epithelial cells. In all cases the capsule-deficient mutant demonstrated significantly greater adherence and
invasion than the encapsulated parent. Transformation of one capsule-deficient mutant to restore encapsulation
resulted in a marked decrease in adherence and invasion. All strains were capable of adherence and invasion
by a pilus-independent mechanism. We conclude that capsule loss by H. influenzae type b results in enhanced
in vitro adherence and invasion, properties that may be relevant to colonization of the nasopharynx and
persistence within the respiratory tract. These observations suggest an explanation for the evolution of the capb
locus as directly repeated segments of DNA with a consequent predisposition to recombination resulting in

capsule loss.

Haemophilus influenzae is a leading cause of bacterial
meningitis and septicemia in infants and young children and
is also a common cause of other systemic diseases in this
patient population (31). In addition, this organism is a
frequent cause of localized respiratory tract disease in both
children and adults (31). Serotype b strains are responsible
for over 95% of cases of H. influenzae invasive disease (30).
These strains express a capsule composed of a polymer of
ribose and ribitol-5-phosphate (PRP) that allows efficient
intravascular survival and is an important determinant of
virulence (20, 32). In contrast, nontypeable (nonencapsu-
lated) strains account for the majority of local disease,
including otitis media, sinusitis, bronchitis, and conjunctivi-
tis (30).

It has been known for many years that serotype b strains
of H. influenzae become nonencapsulated very readily (5, 9,
24). Hoiseth et al. examined the frequency of capsule loss in
a number of independently isolated type b strains and found
that nonencapsulated variants arose at frequencies of 0.1 to
0.3% (12). This instability of encapsulation is a consequence
of the genetic configuration of the capb locus, which is
organized as directly repeated 18-kb segments joined by a
1.3-kb bridge region (14, 16). Recombination between the
two copies of the repeated DNA results in deletion of one
copy and disruption of the bridge region (14, 15). The bridge
region contains a gene encoding a protein that is required for
the export of capsule (15). The high frequency and specificity
with which capsule-deficient variants arise raises the ques-
tion of the biological significance of this event.

In this study we compared the adherent and invasive
abilities of several strains of H. influenzae type b and their
isogenic capsule-deficient mutants by using cultured human
epithelial cells. Our results support the hypothesis that
capsule loss promotes persistence within the respiratory
tract.

* Corresponding author.
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MATERIALS AND METHODS

Bacterial strains and culture conditions. H. influenzae type
b strains are listed in Table 1. Solid bacterial growth media
included chocolate agar supplemented with 1% Supplement
VX (Difco Laboratories, Detroit, Mich.) and translucent
brain heart infusion agar supplemented with hemin and NAD
(BHI-DB agar) (2). For growth in broth, bacteria were
suspended in brain heart infusion broth supplemented with
hemin and NAD. Strains were stored frozen at —80°C in
brain heart infusion broth with 20% glycerol.

Plasmids. pSKHS is a cosmid clone that contains the intact
capb locus with the bridge region and both copies of the
duplication (14). pSKH2 contains the central 9-kb EcoRI
fragment of the capb locus subcloned into pBR328 (12).
Southern analysis of EcoRI-digested chromosomal DNA
from most wild-type H. influenzae type b strains, using this
9-kb fragment as a probe, yields one of three patterns of
hybridization: bands of 20, 10.2, and 9 kb; bands of 10.2, 9,
and 5.6 kb; or bands of 20, 10.2, 9, and 5.6 kb (1, 12).
Spontaneous capsule-deficient mutants are missing the 9-kb
band (12). (Both pSKHS and pSKH2 were kindly provided
by S. K. Hoiseth.)

Selection of mutants and variants. Spontaneous capsule-
deficient mutants were identified after growth on BHI-DB
agar. Viewing with obliquely transmitted light allowed selec-
tion of gray, noniridescent colonies as described previously
(12).

A nonpiliated variant of strain C54 was selected by using
the hemadsorption technique of Connor and Loeb (6).
Briefly, bacteria were suspended in phosphate-buffered sa-
line (PBS) and incubated with a suspension of human O+
erythrocytes. Following centrifugation at low speed to sed-
iment hemagglutinating (piliated) organisms, a sample of the
supernatant was plated on supplemented chocolate agar and
incubated overnight. A nitrocellulose disk (Schleicher &
Schuell, Keene, N.H.) precut to fit a standard petri dish was
moistened in PBS and applied to the surface of the agar
plate. The disk was carefully removed to preserve colonies
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TABLE 1. H. influenzae type b strains used

Strain Phenotype Source (reference)
C54, wild type Cap™* P* P. Anderson (23)
C54 Cap™ P~ Cap™ P~ This study
C54 Cap~ P* Cap™ P* This study
CS54 Cap™ P~ Cap™ P~ This study
C54 Cap*(tl) Cap* P* This study
C54 Cap*(t2) Cap* P* This study
1060, wild type Cap* P~ J. Musser
1060 Cap™ Cap™ P~ This study
M42, wild type Cap* P J. Gilsdorf (10)
M42 Cap™ Cap™ P7¢ This study
Sterm, wild type Cap™ P~ S. Hoiseth (12)
Sterm Cap™ Cap™ P~ S. Hoiseth (12)

“ Strain M42 lacks classic long filamentous hemagglutinating pili but ex-
presses the recently described B pili (8a).

and placed contact side up in a fresh dish containing PBS
with 3% bovine serum albumin. Subsequently, the disk was
washed twice in PBS and finally incubated with a suspension
of human O+ erythrocytes. The disk was removed and
examined for hemagglutination-negative (nonpiliated) colo-
nies.

Transformation. The piliated capsule-deficient mutant of
strain C54 had encapsulation restored by transformation
with pSKHS. The recipient strain was made competent by
growth in supplemented heart infusion broth followed by
incubation in the MIV medium of Herriott et al. (11). The
plasmid was first digested with BamHI to create two pieces
of linear DNA, both containing an entire copy of the
duplication. Transformation mixtures were plated on supple-
mented brain heart infusion agar plates containing 2% (vol/
vol) burro antiserum to H. influenzae type b capsular
polysaccharide (obtained from J. Robbins, National Insti-
tutes of Health, Bethesda, Md.). Encapsulated transfor-
mants were detected by the presence of large precipitin halos
4).

DNA preparation and analysis. High-molecular-weight
chromosomal DNA was prepared from 3 ml of an overnight
broth culture (19). Plasmid DNA was isolated by the alkaline
lysis method (3). Restriction enzymes were purchased from
Bethesda Research Laboratories (Gaithersburg, Md.) and
were used according to the recommendations of the supplier.
Gel-purified restriction fragments were prepared by separa-
tion on 1.0% low-melting-point agarose-Tris acetate gels,
followed by excision, sequential extraction with phenol and
chloroform, and ethanol precipitation.

Southern analysis of genomic DNA. DNA was digested to
completion with EcoRI and electrophoresed on 0.7% agar-
ose-Tris acetate gels at S0 V. The DNA was transferred to
nitrocellulose filters by the method of Smith and Summers
(29). Nick translation and Southern hybridization were per-
formed by standard techniques (27). Autoradiograms were
made by using Kodak XAR-S film (Eastman Kodak Co.,
Rochester, N.Y.) and an intensifying screen.

Tissue culture cells. Chang epithelial cells, Wong-Kil-
bourne derivative, clone 1-5c-4 (human conjunctiva), were
obtained from the American Type Culture Collection (ATCC
CCL20.2). Cells were maintained in modified Eagle’s me-
dium with Earle’s salts and nonessential amino acids (Irvine
Scientific) supplemented with 10% heat-inactivated fetal calf
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serum (GIBCO, Grand Island, N.Y.) and 2.0 mM L-glu-
tamine. For adherence and invasion assays, approximately
1.5 x 10° cells suspended in 0.5 ml of tissue culture medium
were seeded into each well of 24-well tissue culture plates
(Becton Dickinson Labware), which were incubated over-
night at 37°C in 5% CO,. By the beginning of an assay, the
cell number had increased to approximately 2.0 x 10° cells
per well.

Adherence and invasion assays. For adherence assays,
bacteria were grown to log phase in supplemented brain
heart infusion broth. Approximately 1 x 107 to 2 x 10’ CFU
was inoculated directly from the broth culture onto mono-
layers, and tissue culture plates were incubated at 37°C in
5% CO,. Following incubation for 4 h, monolayers were
rinsed four times with PBS and then treated with trypsin-
EDTA (0.05% trypsin, 0.5 mM EDTA) in PBS to release
them from the plastic support. Well contents were agitated,
and dilutions were plated on supplemented chocolate agar,
yielding the number of adherent CFU per monolayer. The
average number of adherent bacteria per epithelial cell was
calculated based on the assumption that there was no
epithelial cell division during the course of the assay. Mono-
layers appeared intact at the conclusion of the 4-h incuba-
tion, showing no evidence of cytopathic effect.

Invasion assays were performed identically except that
after the initial 4-h incubation, monolayers were rinsed three
times with PBS and fresh tissue culture medium containing
gentamicin (100 pg/ml) was added. Tissue culture plates
were incubated for another 2 h, rinsed twice with PBS, and
then treated with trypsin-EDTA in PBS. Dilutions were
plated to quantitate the number of internalized bacteria per
monolayer. Gentamicin at a concentration of 100 wg/ml was
sufficient to kill 100% of an inoculum of 2 X 108 CFU for all
strains examined.

Transmission electron microscopy. (i) Thin section. Chang
epithelial cells were seeded into Contur Permanox tissue
culture dishes (35 by 10 mm), and broth-grown bacteria were
inoculated onto monolayers. Following the appropriate in-
cubation period, monolayers were rinsed four times with
PBS and fixed with 2% glutaraldehyde in 0.1 M sodium
phosphate buffer (pH 7.4) at 4°C overnight. After a wash
with 0.1 M sodium phosphate buffer, samples were postfixed
with 1% OsO, in sodium phosphate buffer for 90 min.
Samples were next washed with distilled water and stained
with 0.25% aqueous uranyl acetate overnight. They were
dehydrated with a series of graded ethanol solutions and
embedded in a firm Spurr resin. Samples were sectioned,
stained with uranyl acetate and lead citrate, and examined in
a Phillips 201c electron microscope.

(ii) Negative stain. A 20-pl drop of bacterial suspension in
PBS was applied to a carbon-coated grid and incubated for 2
min. Excess fluid was removed, and the specimen was rinsed
with distilled water. Staining was performed with 0.5%
(wt/vol) aqueous uranyl acetate for 1 min.

Light microscopy. (i) Phase contrast. Cells were seeded
onto 12-mm glass coverslips placed on the bottom of each
well of tissue culture plates. After inoculation of bacteria and
incubation for 4 h, monolayers were rinsed four times with
PBS. Samples were fixed with high-performance liquid chro-
matography grade methanol for 15 min and then stained with
Giemsa stain (EM Diagnostic Systems, Gibbstown, N.J.)
diluted 1:20 for 30 min. They were rinsed four times with
distilled water and were mounted on glass slides for viewing.

(ii) Flourescence. Monolayers were prepared, and bacteria
were incubated as for phase-contrast microscopy. Following
rinsing with PBS, samples were fixed for 2 min with metha-
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FIG. 1. Southern hybridization analysis of chromosomal DNA
from wild-type strain C54 and its derivatives. Chromosomal DNA
was digested with EcoRI and probed with the 9-kb EcoRI fragment
of pSKH2. Lane 1, Wild-type strain C54; lane 2, capsule-deficient
mutant of strain C54 (C54 Cap~ P™); lane 3, encapsulated transform-
ant of C54 Cap~ P* [C54 Cap™*(t1)]; lane 4, encapsulated transform-
ant of C54 Cap~ P* [C54 Cap*(t2)]. Molecular size in kilobases is
indicated next to each band. Slightly less DNA was unintentionally
loaded into lanes 1 and 2, so that the 20- and 5.6-kb bands are faint.

nol. After being rinsed, they were incubated for 20 min with
a 1:500 dilution of high-titer antiserum directed against PRP
(gift from Bruce Green, Praxis Biologics, Rochester, N.Y.).
Samples were rinsed again and incubated for 20 min with a
1:50 dilution of fluorescein isothiocyanate-conjugated goat
antibody to rabbit immunoglobulin G (Bethesda Research
Laboratories). Bacteria were counterstained with Hoechst
dye (5 pg/ml; Molecular Probes) for 20 min and were
mounted for viewing with a Zeiss Axiophot microscope.
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Statistical analysis. Mean values were compared by using
the two-tailed ¢ test. Significance was defined as P < 0.05.

RESULTS

Adherence and invasion by strain C54 and an isogenic
capsule-deficient mutant. Strain C54 is a serotype b isolate
that constitutively expresses pili and adheres to buccal
epithelial cells (23). In initial experiments, we plated C54 on
BHI-DB agar and identified a gray, noniridescent colony that
was subsequently streaked for pure growth. The resulting
growth failed to react with antiserum against the type b
capsule (Difco) in a slide agglutination assay, suggesting the
loss of capsule expression. Southern analysis of this mutant
(C54 Cap~ P*) demonstrated the loss of a 9-kb EcoRI
fragment at the capb locus, consistent with deletion of one
copy of the duplication at this locus (Fig. 1, lanes 1 and 2).

As shown in Table 2 and Fig. 2, wild-type strain C54
displayed negligible adherence and virtually no invasion. In
contrast, the capsule-deficient mutant of C54 demonstrated
high levels of adherence and appreciable invasion. The loss
of capsule expression resulted in a 50-fold increase in
adherence and a nearly 300-fold increase in invasion (P <
0.05).

Analysis of encapsulated transformants of capsule-deficient
mutant of strain C54. To confirm that the increase in adher-
ence and invasion by C54 Cap~ P* compared with the C54
wild-type strain was the result of a loss of capsule expression
and not some other mutation occurring simultaneously, we
examined the effect of restoration of encapsulation on ad-
herence and invasion by C54 Cap~ P*. Encapsulation was
restored by transformation with a plasmid containing the
entire capb locus (pSKHS). Two transformants were se-
lected for further study, C54 Cap™*(t1) (transformant 1) and
C54 Cap™(t2) (transformant 2). Southern analysis demon-
strated that both of these transformants had regained the
copy of the duplication at the capb locus that had been
deleted in C54 Cap~ P* (Fig. 1, lanes 3 and 4).

As shown in Table 2, the numbers of adherent and
internalized bacteria for transformant 1 were nearly identical
to those seen with the wild-type strain. Interestingly, in the
case of transformant 2, adherence and invasion were de-
creased compared with C54 Cap~ P* but were still greater
than observed for the C54 wild type. Further analysis of this
transformant demonstrated evidence of instability of encap-
sulation, with capsule-deficient variants arising at a fre-
quency of approximately 2% (10-fold greater than observed
for wild-type C54 or transformant 1). Upon closer inspection
of colonies on adherence and invasion plates, we noted two

TABLE 2. Adherence and invasion by H. influenzae type b strain C54 and derivatives

. Adherence Invasion

train P value“

Strai Bacteria/cell CFU/monolayer (CFU/monolayer)
C54, wild type 1.0 (£0.1)* 2.0 x 10° (20.2 x 10% 4.5 x 10' (£1.7 x 10Y)
C54 Cap* P~ 1.7 (£0.2) 3.4 x 10° (0.4 x 10°) 9.5 x 10! (£2.4 x 10Y) <0.05
C54 Cap™ P* 55 (£10) 1.1 x 107 (2£0.2 x 107) 1.7 x 10* (20.4 x 10%) <0.05
C54 Cap™ P~ 80 (5) 1.6 x 107 (+0.1 x 107) 3.7 x 10* (0.7 X 10% <0.05
C54 Cap™(tl) 0.9 (x0.2) 1.7 x 10° (£0.2 x 10°) 2.7 x 10 (£1.2 x 10Y) NS
C54 Cap™(t2) 7.5 (£1.0) 1.5 x 10° (£0.2 x 10%° 4.7 x 10 (£1.4 x 10%)¢ <0.05

a Combared with values for wild-type C54. NS, Not significant.

® Numbers represent mean (+standard error of the mean) of measurements in triplicate or quadruplicate.

< Adherent CFU = 20% Cap* and 80% Cap~.
4 Intracellular CFU = 1% Cap* and 99% Cap~.
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FIG. 2. Light micrographs of strain C54 incubated with Chang epithelial cells. Bacteria were incubated with a monolayer of epithelial cells
for 4 h, and samples were then stained with Geimsa stain as described in Materials and Methods. (A) Wild-type strain C54 (Cap™* P*); (B)

capsule-deficient mutant of strain C54 (Cap~ P*).

morphologies, representing encapsulated and capsule-defi-
cient colonies. Among adherent colonies, capsule-deficient
forms predominated, in a ratio of approximately 4 to 1. The
ratio of capsule-deficient to encapsulated internalized colo-
nies was even greater, nearly 100 to 1. Examination of
bacteria in the supernatants of wells inoculated with trans-
formant 2 revealed that about 2% of these organisms were
capsule deficient. Thus, while it appeared that encapsulation
of transformant 2 was unstable, there was evidence for a
selection at the epithelial cell surface favoring capsule-
deficient bacteria. We confirmed this conclusion by immu-
nofluorescence microscopy using an antiserum directed
against the serotype b capsule. As shown in Fig. 3, very few
of the cell-associated bacteria reacted with the antiserum,
indicating that the majority of adherent and internalized
bacteria expressed no capsule.

Role of pili in adherence and invasion. Our observation that
the C54 wild-type strain (encapsulated and piliated) demon-
strated minimal adherence and invasion suggested that inter-
action by the nonencapsulated mutant might be occurring
independently of pili. To examine the possibility of nonpilus-
mediated adherence and invasion, we isolated a nonpiliated
variant of C54 Cap~ P*. Because H. influenzae type b pili
mediate hemagglutination, we were able to identify nonpili-
ated variants by screening for nonhemagglutinating colonies.
We selected one such colony and streaked it for purity.

Microscopic analysis of this variant (C54 Cap~ P™) demon-
strated that there were no cell surface appendages (Fig. 4).
Comparison of outer membrane profiles for the piliated and
nonpiliated forms demonstrated identical patterns except for
the absence of the 25-kDa pilin monomer in the nonpiliated
variant (data not shown). Adherence and invasion values for
this variant were slightly greater than those noted for the
piliated form from which it was derived (Table 2). To
exclude the possibility that adherent and intracellular bacte-
ria had undergone a phase switch and were actually piliated,
we examined their ability to agglutinate erythrocytes (6).
Fewer than 1% of all colonies on agar plates from adherence
and invasion assays demonstrated hemagglutination, sub-
stantiating the presence of a nonpilus mechanism of interac-
tion with epithelial cells.

In a related set of experiments, we isolated a nonpiliated
variant of the encapsulated piliated wild-type strain. Adher-
ence and invasion levels for this variant (C54 Cap™* P~) were
consistently slightly greater than those observed for the
wild-type strain but were still minimal (Table 2).

Thin-section transmission electron microscopy. We used
thin-section transmission electron microscopy to confirm the
ability of capsule-deficient strain C54 to enter Chang epithe-
lial cells. Both the piliated and the nonpiliated forms exhib-
ited the same general sequence of events following inocula-
tion onto a monolayer. As shown in Fig. 5, bacteria appeared
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FIG. 3. Flourescent micrographs of C54 transformant 2 incubated with Chang epithelial cells. C54 transformant 2 is an unstable
encapsulated transformant of strain C54 Cap~ P*. This strain was incubated with a monolayer of epithelial cells for 4 h, and samples were
then prepared for flourescence microscopy as described in Materials and Methods. (A) Hoechst stain (DNA stain) highlighting all bacteria
associated with epithelial cells. Note clusters of bacteria associated with the two center cells. (B) Flourescein labeling of bacteria reacting with
anticapsular antibody, highlighting only encapsulated bacteria associated with epithelial cells. Note three bacteria associated with the center

cell.

to make initial contact with the epithelial cell surface at the
level of the microvilli. Subsequently, they moved into direct
apposition with the plasma membrane of the eukaryotic cell,
often appearing to line up along the cell surface. Internalized
organisms were usually observed in isolation but were
sometimes noted in pairs. Most invaded cells contained one
or a few internalized bacteria in a given thin section;
however, on occasion a single cell was noted to harbor many
intracellular organisms.

Relationship of encapsulation with adherence and invasion
for other serotype b strains. To determine the prevalence of
the phenomenon observed for strain C54, we compared
adherence and invasion for three additional strains of H.
influenzae type b and their capsule-deficient mutants. Strain
1060 is a nonpiliated isolate that represents a clone of H.
influenzae type b responsible for a sizeable fraction of
invasive disease in the United States and Europe (electro-
phoretic type 12.5, outer membrane protein subtype 3L)
(21). Strain M42 lacks classic H. influenzae pili but expresses
the recently described B pili (8a). For both of these strains

spontaneous capsule-deficient mutants were isolated after
the strains were plated on BHI-DB agar. Strain Sterm was
used for rat colonization studies by Hoiseth et al. (12). The
capsule-deficient mutant of this strain was isolated from the
nasopharynx of a rat 4 weeks after intranasal inoculation
with the encapsulated parent, at a time when capsule-
deficient forms were beginning to predominate. Electron
microscopy of negatively stained bacteria confirmed the
absence of pili for both Sterm strains (results not shown).
Southern analysis demonstrated loss of the 9-kb fragment at
the capb locus for all three of these capsule-deficient mu-
tants (1060 Cap~, M42 Cap~, and Sterm Cap ™) (results not
shown).

As shown in Table 3, for all three of these pairs of strains
the capsule-deficient mutant demonstrated a marked in-
crease in adherence and invasion compared with the encap-
sulated parent. The encapsulated forms of strains 1060 and
Sterm demonstrated minimal adherence and virtually no
invasion, similar to encapsulated strain C54. Interestingly,
encapsulated strain M42 demonstrated higher levels of ad-



1330 ST. GEME AND FALKOW

A

INFECT. IMMUN.

FIG. 4. Electron micrographs of piliated and nonpiliated forms of capsule-deficient strain C54 negatively stained with uranyl acetate. (A)

Piliated form (C54 Cap~ P*); (B) nonpiliated form (C54 Cap~ P™).

herence and invasion. However, as noted with C54
Cap™(t2), close inspection revealed that approximately 50%
of adherent colonies were capsule deficient and nearly 95%
of internalized colonies were nonencapsulated. Examination
of orgatisms in the supernatant at the time adherence was
measured indicated that only a small minority were capsule
deficient (<1%), again suggesting a selection at the eukary-
otic cell surface favoring nonencapsulated bacteria.

DISCUSSION

In this study we compared the adherent and invasive
abilities of several strains of H. influenzae type b and their
isogenic capsule-deficient mutants by using a human epithe-
lial cell line. In all cases the capsule-deficient mutant dem-
onstrated significantly greater adherence and invasion than
the encapsulated parent. Transformation of one capsule-
deficient mutant to restore encapsulation resulted in a
marked decrease in adherence and invasion, confirming the
conclusion that the serotype b capsule interferes with these
functions. Moreover, all strains were capable of adherence
and invasion by a pilus-independent mechanism.

Interestingly, there are other examples of bacteria that
express a capsule that interferes with interactions with host
epithelial cells. Runnels and Moon recently examined K99-
mediated adherence by enterotoxigenic Escherichia coli to
isolated intestinal epithelial cells from neonatal pigs and
noted an inhibitory effect of capsule (25). In the case of
Neisseria meningitidis there is an inverse correlation be-
tween the quantity of capsular polysaccharide and in vitro
adherence to human oropharyngeal cells (7). Similarly, when
pneumococci are passaged through mice, capsule size is
increased and attachment to human posterior pharyngeal
cells is decreased (28).

Recently a number of groups have presented evidence that

H. influenzae type b may possess nonpilus adhesins. Using
the human nasopharyngeal organ culture model, Farley et al.
(8) and Loeb et al. (18) noted that nonpiliated strains were
capable of mucosal attachment. In a comparison of piliated
and nonpiliated forms of H. influenzae C54, Sable and
coworkers found that adherence to HEp-2 cells was greater
by nonpiliated organisms (26). Our results provide further
support for nonpilus mechanisms of interaction with human
epithelial cells and indicate an important influence of the
capsule.

Several other investigators have also compared in vitro
adherence to human cells by isogenic encapsulated and
capsule-deficient strains of H. influenzae type b. Pichichero
examined adherence to human oropharyngeal epithelial cells
by strain Eagan and a capsule-deficient mutant (22). While
the capsule-deficient mutant consistently adhered in higher
numbers, adherence by both strains was poor (range, 0.02 to
0.66 bacterium per epithelial cell). Realizing the role of pili in
mediating attachment to oropharyngeal epithelial cells, Li-
Puma and Gilsdorf used the same model to study adherence
by piliated variants of five different H. influenzae type b
strains and their respective capsule-deficient mutants (17).
They observed no significant difference between the Cap*
parents and the Cap™ mutants (mean, 7.32 *+ 1.19 versus
9.34 + 0.66 bacteria per epithelial cell). These results suggest
that the capsule has a minimal effect on pilus-mediated
attachment, perhaps because the H. influenzae type b cap-
sule is not dense enough to mask the long filamentous pilus
structure. Interestingly, in our model using an epithelial cell
line derived from normal human conjunctiva, even the
heavily piliated wild-type strain C54 showed minimal attach-
ment, suggesting that these cells may lack the receptor for
pili. Our observations indicate that the capsule effectively
blocks the interactions we are studying, possibly by masking
a nonpilus adhesin. It is also possible that the capsule
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FIG. 5. Interaction of capsule-deficient strain C54 with Chang epithelial cells as viewed by transmission electron microscopy. (A)
Bacterium apparently making initial contact with epithelial cell, enveloped by microvilli (1 h); (B) multiple bacteria aligned along plasma
membrane of cell (4 h); (C) multiple intracellular bacteria (4 h); (D) single intracellular organism in cell with multiple bacteria in various stages
of attachment (4 h) (note some adherent organisms enmeshed in microvilli and others in closer proximity to plasma membrane).
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TABLE 3. Adherence and invasion by encapsulated and capsule-deficient isogenic pairs of H. influenzae type b“

Adherence Invasion
Strain
Bacteria/cell CFU/monolayer CFU/monolayer
Sterm Cap* 1.1 (£0.1)? 2.3 X 10° (£0.2 x 10°) 5.5 x 10* (5.0 x 10%)
Sterm Cap™~ 165 (=595) 3.3 x 107 (x1.1 X 107) 4.6 x 10* (£0.8 x 10%
1060 Cap™ 0.8 (%x0.2) 1.6 X 10° (0.3 x 10°) 2.0 X 10' (1.6 x 10Y)
1060 Cap~ 36 (x11) 7.2 x 10° (2.1 x 109 4.7 x 10* (£1.5 x 10%
M42 Cap* 3.4 (x0.2) 6.7 x 10° (0.8 x 10%)° 5.2 x 10?2 (£2.1 x 10%)?
M42 Cap™ 49 (£8) 9.8 x 10° (1.6 x 10°) 2.3 x 10* (£0.8 x 10%

“ Adherence and invasion by Cap™~ variant are significantly greater than by Cap™* parent for all three pairs (P < 0.05).
® Numbers represent mean (+standard error of the mean) of measurements in triplicate or quadruplicate.

¢ Adherent CFU = 63% Cap™ and 37% Cap™.
4 Intracellular CFU = 13% Cap™ and 87% Cap~.

interferes with a hydrophobic or electrostatic interaction
between the bacterium and the epithelial cell surface.

A natural tendency for H. influenzae type b strains to
become capsule deficient at a high frequency has been
recognized for many years (5, 9, 24). This instability of
encapsulation is a consequence of the genetic configuration
of the capb locus, which is organized as directly repeated
segments of DNA flanking a bridge region (14). A rec-
dependent recombinational event between the two copies of
the duplication results in deletion of one copy and, more
importantly, disruption of the bridge region, which is re-
quired for export of capsular polysaccharide (15). Examina-
tion of many independently isolated type b strains indicates
that the duplication is extremely well conserved (12), sug-
gesting that the predisposition to capsule loss is biologically
important. We speculate that capsule loss by H. influenzae
type b may allow functioning of a nonpilus adhesin-invasin
that promotes persistence within the human respiratory
tract, the natural habitat of H. influenzae.

Two reports provide in vivo support for the hypothesis
that spontaneous capsule-deficient mutants of serotype b
strains are capable of enhanced colonization. Using the
infant rat model for intranasal colonization, Hoiseth et al.
followed the conversion from the encapsulated to the cap-
sule-deficient form over time (12). One rat showed a sudden
increase in the relative number of capsule-deficient organ-
isms at a point when most rats were beginning to clear the
organisms, suggesting a possible role for anticapsular anti-
body in effecting this shift from encapsulated to nonencap-
sulated forms. By 48 days after initial colonization, greater
than 90% of organisms isolated from this rat were nonencap-
sulated. In a separate study Hoiseth and Gilsdorf identified
two children with systemic H. influenzae type b disease who
had nonencapsulated H. influenzae isolated from their na-
sopharynx 8 or 9 days into treatment with antibiotics (13). In
both patients the nonencapsulated organisms appeared to be
the same strain as the original encapsulated H. influenzae
type b isolate. While the encapsulated organism was quickly
eradicated from the nasopharynx with antibiotic therapy,
capsule-deficient derivatives persisted.

Kroll and Moxon have recently demonstrated a gene
dosage effect of the duplication at the capb locus, suggesting
that there may be some biological advantage to augmented
production of polysaccharide capsule (16). On the basis of
pilot studies, they have postulated that the hydrophilic
capsule promotes survival in the external environment,
preventing dehydration and thereby enhancing dissemina-
tion between hosts (16). While spontaneous reversion of
capsule-deficient strains to Cap* has not been demon-
strated, it is possible that capsule-deficient mutants of type b

strains occasionally take up DNA from the environment via
natural transformation, resulting in restoration of encapsu-
lation.

In summary, we speculate that the arrangement of the
capb locus allows a biologically relevant dynamic relation-
ship between encapsulated and capsule-deficient forms of H.
influenzae type b. Encapsulated organisms may be better
able to persist between hosts and may have other important
advantages as well. In contrast, capsule-deficient forms may
have an enhanced ability to evade local inmune mechanisms
and achieve long-term survival in the human respiratory
tract. Restoration of encapsulation may occur via natural
transformation. It is possible that the occasional occurrence
of invasive disease caused by encapsulated H. influenzae
type b is accidental.
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